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Resistance tube closure welds, referred to as pinch welds, are 
used to reliably seal small stainless steel tubing. The pinch welding 
process, discussed in detail by Thomas et al [1], involves applying 
a load to force electrodes together to collapse the tube, sometimes 
in the presence of confining dies which prevent lateral expansion. 
Electric current is injected through the electrodes to soften the tube 
through Joule heating. The resulting hot plastic deformation causes 
contact and welding of the inner surfaces of the tube. 
The quality of the bond is dependent upon, among other factors, 
the cleanliness of the tube bore. Post weld inspections are therefore 
desired as process control procedures. In previous studies, ultrasonics 
was shown to have considerable promise in this application. Thomas 
et al. [1] demonstrated that pattern recognition algorithms could be 
applied to the ultrasonic signals transmitted through the tubes to produce 
a correct classification of good and bad welds in several different 
sets of samples. The algorithms were somewhat dependent on the material 
from which the samples were fabricated, but all showed a good deal of 
commonality. In a parallel study, Rehbein et al. [2] examined, from 
a more mechanistic point of view, sets of tubes fabricated at the same 
time. They observed that gross disbonds could be easily detected from 
changes in signals either reflected from or transmitted through the 
bond line. When such disbonds were not present, they observed that 
signals doubly transmitted through the interface (i.e., the back surface 
echo) showed a trend to lower values as the bond quality decreased. 
These results were interpreted in terms of a model for .the interaction 
of an ultrasonic wave with an imperfect bond. The model predicted a 
frequency dependent increase in reflectivity and decrease in transmissivity 
as the bond quality decreased. The changes were quantified by specifying 
either the thickness and elastic properties of an oxide layer (oxide 
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model) or the separation and diameter of a distribution of circular 
cracks at the interface (microcrack model). Although the decrease in 
transmissivity agreed qualitatively with the experimental trends, there 
was insufficient microstructural information to quantitatively evaluate 
the theoretical models. This paper describes the sequel to that study, 
having the objective of developing a quantitative understanding of the 
interaction of the ultrasound with the pinch welds. 
Theory 
As noted above, the theory for various localized models of bond 
inhomogeneities have been developed previously [2]. If the bond is 
viewed as a thin layer with different properties from the bulk material, 
then the magnitude of the reflection coefficient, R, is 
(1) 
where ~ is the layer thickness, v is the wave speed, z=pv is the acoustic 
impedance, 6z is the change in impedance between the interface layer 
and bulk material, and f is the frequency. In this formula, the layer 
is assumed to be thin with respect to a wavelength and the differences 
in properties of the layer and bulk are assumed to be small. More general 
expressions are easily obtained. 
If the bond is viewed as an array of microcracks, the result is 
R ~ Tipv f 
K 
(2) 
where K is an interfacial stiffness, determined from the spacing and 
diameters of the cracks [3]. 
In either case, conservation of energy implies that the magnitude 
of the transmitted signal T is given by 
(3) 
where the strength of the reflection coefficient has been assumed to 
be small. Examination of Eq. (3) shows that, for weakly reflecting 
interfaces, the changes in transmission will be very hard to observe. 
For example, if R=O.Ol (-40dB reflection), then T=0.99995. It could 
be a great experimental challenge to try to differentiate this transmission 
coefficient from the value of unity that a perfect interface would be 
expected to exhibit. These results suggest that direct monitoring of 
the reflection coefficient would be a more practical way of detecting 
weakly scattering interfaces than tracking the change in transmissivity. 
Contrary to this theoretical argument, the previous experimental 
work showed that the transmitted signals were significantly affected 
by bond quality. This implies other mechanisms of interaction of the 
weld region with the ultrasonic energy. One such mechanism is via the 
effects of grain size on ultrasonic attenuation. In this paper, the 
model of Stanke and Kino [4] will be used as the basis for discussing 
such effects .. Under the assumption of randomly oriented, equiaxed grains, 
they have computed the attenuation, a, as a function of grain size for 
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a variety of materials, including iron. Given this information, the 
apparent transmission coefficient for a wave propagating through a material 
of variable grain size, d(z), would be expected to be 
T( f) exp[-Ja[d(z), f]dz. (4) 
Software has been prepared to compute this apparent transmission coefficient 
based on numerical data for a[d,f] provided by Stanke [5] and metallo-
graphically determined values for d(z). 
Samples 
The samples studied were fabricated from 3041 stainless steel tubing 
having an outer diameter of 3.2mm and a wall thickness of 0.8mm. Different 
classes of bonds were produced by varying the treatment of the tube 
surfaces prior to bonding. Class 1 bonds (good bond quality) were pro-
duced by cleaning the inner surfaces with hydrogen to remove all oxides. 
Class 2-3 bonds (intermediate bond quality) were prepared by bonding 
after an acid treatment or in the as-received condition. In the class 
4 bonds (poor bond quality), the surfaces were oxidized prior to bonding. 
These bond classes are defined by metallographic examination of the 
bonds and involve such parameters as the visibility of a distinct oxide 
layer and the degree of grain growth across the interface. 
ULTRASONIC RESULTS 
The bonds were scanned in the geometry schematically shown in Fig. 
1. An immersion probe, with 1 inch (2.54cm) focal length and 35MHz 
center frequency, was focussed on the front surface of the cylindrical 
electrode indentation. This probe position was selected because it 
allowed the most reproducible set-up in examining a large number of 
tubes. The tubes were scanned by moving the probe parallel to the z-axis, 
so that the point of entry of the beam traced a path along the "valley" 
of the electrode indentation. In this set-up, the effects of the surface 
curvature on the data were expected to be minimized. 
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Fig. 1. Schematic of line scan measurements and typical results. 
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During the examination of all of the tubes, no signal was detected 
which could be identified as a reflection from the bond plane. After 
correcting for various measurement losses and the levels of spurious 
probe signals which would have masked very small echoes, it was concluded 
that R<S% for all tubes. Using Eq. (3), this implies T>0.99875. Hence, 
the absence of the interface echo implies that only infinitesimal changes 
could be expected in transmission based on either the oxide layer or 
microcrack model. 
However, in fact, there was considerable variation in the peak 
voltage of the back surface echo, which had passed twice through the 
interface as the probe was scanned along a line parallel to the z-axes 
of each tube. As shown schematically in Fig. 1, these "line scans" 
had a minimum value at the tube center flanked by a pair of maxima separated 
by approximately 0.06in. (0.15cm). Furthermore, these features appeared 
to vary systematically with bond quality. Throughout this report, the 
positions of these features have been denoted by A, B, C as shown. 
To determine the extent of the correlation of line scan features 
with bond quality, all tubes were scanned. Figure 2 presents the correla-
tion of the peak-to-trough ratio with tube quality. To facilitate the 
graphical presentation, the tubes were assigned dummy numbers corresponding 
to classes 1-4 in ascending order. A general trend of a decreasing 
peak-to-trough ratio with poorer bond quality was observed, although 
considerable scatter was present. Since it was possible that the cylin-
drical geometry of the electrode indentation might be influencing this 
data, a solid rod of 304 stainless steel was machined into approximately 
the same external geometry. As shown at the right edge of Fig. 2, the 
observed peak-to-trough ratio was very small for the solid rod, suggesting 
that the role of geometry was unimportant and that real microstructural 
differences were being revealed by the data. 
Similar plots have been prepared in which the amplitudes of the 
peaks at position A and C are correlated with bond quality. These peak 
amplitudes also decreased as the bond quality degraded, again with consid-
erable scatter. 
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Fig. 2. Correlation of peak-to-trough ratio of line scan observations 
with bond quality. 
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To clarify the possible causes of this line scan structure, the 
spectra of the signals at positions A (peak), B (trough), and C (peak) 
were examined. A set of results for one of the class 4 tubes is shown 
in Fig. 3. It will be observed that the spectra at the trough is consid-
erably narrower than that at the peaks in this tube. 
Comparison of the spectra at position B (trough) for all tubes 
revealed considerable structure, as shown in Fig. 4. All of the class 
1 tubes had spectra similar to the one indicated by the solid line. 
The majority of the class 4 weld responses were similar to that indicated 
by the dotted line. However, a few followed the response indicated 
by the dashed curve. 
Examination of the data in Fig. 4 suggests that the spectral width 
of the signals at position B contains important bond quality information. 
Figure 5 plots the full width at half maximum versus bond quality. 
Again, a significant correlation, with some scatter, is observed. 
One possible explanation of results is a variable grain size which 
would produce apparent changes in bond transmission via the frequency 
dependent attenuation effects described by Eq. (4). To test the signifi-
cance of this hypothesis, a set of the samples were metallographically 
sectioned as described below. 
MICROSTRUCTURE OF BONDS 
Figure 6 presents micrographs of class 1 and class 4 bonds. In 
each case, the bond was sectioned in a plane transverse to the tube 
axis and passing through the center of the bond. Considerable variation 
in grain size can be seen. In each case, the small recrystallized grains 
formed during the deformation and heating process form a "butterfly" 
pattern in the larger grains of the original tube. However, the extent 
of the recrystallized grains in the vicinity of the bond plane is much 
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Fig. 3. Frequency spectra of back surface reflections at posit i ons 
A, B, and C for a class 4 weld. 
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Fig. 5. Full width at half maximum of frequency spectra at position 
B versus bond quality. 
greater for the class 1 bonds. Thus, an ultrasonic wave passing through 
position B on the line scan would see, on average, smaller grains for 
class 1 welds than for class 4 welds. As noted above, this would be 
expected to change the apparent transmission. 
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Fig. 6. Micrographs of weld cross-section showing "butterfly" structure 
of recrystallized grains. a) class 1; b) class 4. 
INTERPRETATION OF DATA 
As noted above, the oxide layer and microcrack models do not explain 
the ultrasonic observations. The upper bound on the reflection coeffi-
cient, as established experimentally, is not consistent with the magnitude 
of the changes in transmission. However, the microstructural variations 
shown in the micrographs in Fig. 6 suggest that the attenuation model, 
as described by Eq. (4), might explain the signal differences. 
To quantitatively test this hypothesis, numerical estimates of 
grain size distributions, at selected line scan positions, were made. 
The procedure is illustrated in Fig. 6a. At each desired position, 
a line was drawn on the micrograph corresponding to the ultrasonic beam 
path. This path was divided into several segments, approximately seven, 
and in each segment the ASTM grain size was estimated by comparison 
to micrographs of standard samples. The transmission, as a function 
of frequency, was predicted from Eq. (4). 
In Fig. 7, the line scans are shown as predicted by the above proce-
dure for a single frequency of 35MHz, the center frequency of the pulse. 
Both the general structure of the line scans is predicted as well as 
the trend in peak-to-trough ratios. For the two class 1 and two class 
4 bonds shown, these average ratios are 2.5 and 2.2, respectively, the 
class 1 result being about 10% higher. The experimental ratios, based 
on peak time domain response of broadband signals rather than the monochro-
matic response, were 1.64 and 1.50, respectively. Although these are 
both somewhat lower than the theory, the class 1 result is again 10% 
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higher than the class 4 result. Based on these comparisons, it is con-
cluded that the microstrucfure, and in particular the variation in grain 
size, plays a major role in producing the correlation between bond quality 
and ultrasonic response. 
The model was then employed to try to predict the difference in 
the spectra of the signals at positions A, B, and C, such as was shown 
for one example in Fig. 6. In this comparison, the waveform at either 
position A or C was taken as a reference. The expected waveform at 
position B was then predicted according to the relationship 
Predicted B Signal 
TB 
Measured A or C Signal x ( 
TA,C 
where T is the theoretically expected transmission based on Eq. (4) 
with grain size inputs as described above. 
(5) 
Figure 8 shows the results obtained for a class 1 weld. The solid 
curve shows the measured signal at position B. The two broken curves 
show the signals predicted at B, based either on the A or C signal as 
a reference . The degree of correction is indicated by showing the peaks 
of the uncorrected signals, i.e., those measured at positions A and C, 
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on the same scale. This quantitative agreement between the measured 
and predicted B signals further strengthens the belief that microstructural 
effects are playing a major role in the observations. 
Similar comparisons were made for the typical and anomalous class 
4 welds (those exhibiting the dotted and dashed responses shown, respec-
tively, in Fig. 4). Here the attenuation correction brings the predicted 
B signal closer to the measured B signal than were the original measured 
A and C signals. However, considerable difference remains, suggest i ng 
the presence of other physical effects . For the "typical" tubes, the 
predicted response has a lower peak value and broader width than that 
observed experimentally . This might be explained by pr eferred grain 
orientation or other deviations from the theoretically assumed grain 
structure which would cause the attenuat i on to be less than that predict ed 
by Stanke and Kino [4] . For the "anomalous" tubes, the predicted response 
has a higher value than that observed experimentally. This result could 
be explained by ext r a loss of energy due to direct interact i on with 
the bond. Both the above hypotheses are speculation with no detailed 
supporting evidence. They are only offered to indicate the type of 
phenomena that needs to be considered. More work is clearly required. 
CONCLUSIONS 
A significant correlation has been observed between various fea t ures 
of signals doubly transmitted through pinch we lds and the expected bond 
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quality. Variations in grain size have been identified to play a major 
role in establishing this correlation. The successful use of the corre-
lation as a process control tool requires that these microstructural 
features are uniquely related to bond quality. The extent to which 
this is true depends on the number of uncontrolled factors present in 
the bonding process. 
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